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(71)ffl®A 390041542 

GENERAL ELECTRIC CO 
MP ANY 

un— n— i# 
7— y- — •ji^ u-f ■ >v> 

IM^Wh • X 5350# 
(74)ftSA 100093908 



(54) [&w<D%m] m®&izfcs*ttMm!®mtozme,Tii&tmm 



(57) [g^j] 

mt . (Si>-itYbiJSRtej:ofsiMfca[3R»ai u-^brfp 

M^si . 'pt £ < £ & — ?<Dffimi&&mt mm. 

*fST-fe>?-y (9 0) fcj^rWKeffi&affiMtctt 




(2) 

1 

[mmob 1 1 ptt < i rxrm&ffigm ( 7 o ) 

£. d>fr<£k — ?©;+t7t>^J (9 6) ££^ 
tfjtftftS (16) £fflt,>T#X*-t>i>y> (1 

o) *e>©SfU«©«*«6.-r*ffi-r*-br, 4>£t< £ 
fe-^©«»4K*£t*«*4§M (16 0) 4JH.»T«B4 

tc«^s n^E- ot:«rias«i«©— »»*siMBjiifE»igai 
ci«*^ 2 3 ffia^^s (16 0) p 9 h m 

fl«(162) 4. fttftge (16 4) £. wilB^V a 
0) <t£$&, iS^Va ? h«8atti^£**4K© 
» hj^syew*fflc»rjKf4*«ri2««HS (i6)rt(c 

«HrsS»*S6Ccdtr. 1 IBtt©2rffi. 

[■MOB 3 3 «WBZlo0«IMsH!ltt^ Ju-jV mm 
(16 2) £. £*RHK (164) £ . MfSa^V P ? h 

II^SiS(riB^j^Si«:a!jl-r-5*SSI4i«S*S (90) 20 

fjte^vp^ Mwsns»«iHES«»s©^a 
im&tmiBsm&i&mi.>rm*&m&mmm < i 

[it ^4 ] buib^h (16) wpu < i - o© 

(7 0. 2 0 2 ) ffliBilftHWttfBtt 

«»fflP!rt5«WJC*Wr-*BWt. x>i» (1 0) it 
Affl^«lEt^*^4?:mifB5^-t?-T-fe>y'; (9 6) 30 

#jh i iBts©^& 

[iij»b 5 ] mejwmB ( 1 e ) wtf>fc < £ «> -o© 

tmfaZm ( 7 0 , 2 02) £4>ft< 4 & --3© 5 ** 
T-fe>^'; (308, 3 1 0) ££$<&. friBPUits^ 

mBflmwNistivucd'&K. x>s?> (io igmmt) 

t?. 1 iB«W>*ffi. 

[«^6 ] mmzmmttm® < 1 6 > f^ccpiwts 40 

(3 0 8. 3 1 0) ft iliffBPiliSE?@^?H (70. 20 
2) rtic«H-r5KRS*£tr. »*3fi 5 SEi8©*ffi. 

cii*3S7 ] 'pu < i 4> ^<Dnmm^tm^ms 

(16 0) £, *i>tt < £ fe— PCDlftiiftSffl (70) -C 

&^>T, BuifiM^4S©® 1 &tfii!!&&ttffli$Sft27HCc 
fltt&-TSJ:5CC«teSStiTl»S}«{iE«SiH (7 0) £, 
mriBffli£?g^?lB|©¥S^f6]F , g^^^^^j:< £t>— o© 
5*tJ"T-fe>^'; (9 6) T*oT, MfBM«S*sHS©^ 
2 ©*»4£i£ S > 7" 'J (C«*&r 4 «fc 9 K«RR 50 
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2 

Stl"Cl»S5*-9-T-fe>^»J (9 6) tfcStetf**- 
tr> < 1 0) ffitKttS (16). 
[i«3#S8 ] lffiia«KH£B (16 0) tmm^Ptu 

< t &-r><Dimmtt& oo) 6&cttr*. mett 
tmmmtmmzm&mi&igs&m no) tama*? 
Tt>7<) (96) ttc^w&r* J: 9 jcauasn-co 

S, »#*7E«&©«WftS (16). 
[HWai9 ] fiffB#X*-tr>x>i» (10) »>£ 

teta^wu mmmumm ( i 60) «. se>tc. «r 
iB#* £ - fc?> x > V >#3t*gx > s> >tti;fr ©fif ^S«£- 
«T"CfBftr*». «8»*«WB«S»3HH (7 0) ictc 
WWW * «fc 9 KHftsS 5 nr c » s , n^qi 7 iBlg©^.^ 
B ( 1 6) „ 

m>m i o ] suiB»4^s (i6o)tt. $ hie 

|rfiB**^^-t*>x>^> (10) *S5ctSx>iP>ffi^ 
^'j (9 6) &WR]tS»SiPI (7 0) i(C^-r^cfc 

^fc«tess*irt»*. &&m9&n<Dmm& <i 6) . 
[ it*Ji in < «t t - -MDmtm&m (70. 

2 0 2) ft 3 6 &c-ir#, i*W*KI*4ia©m l RtftttteM 
EW»«i»S}PI(c«l&r*J:5«:«»iS3tirc»4. iS* 
qi7ett©«Sffi8 (16). 

(3 08. 3 1 0) £4>tt < £ 4> —0©ff Sj^ffi ( 7 
0, 2 0 2) H?iBWS*-!f-T-tz>:/'; 
»*OTBPI»ffiJP!©*a*FSlrt*«:**, if*^7IBtg© 
jRS«M5 (16). 

[i»*^13] BuiB©^i>^< £ fc— o©5+-tfr-fe> 
(9 6) ©^S^^^c*^JSS7'( , ^ft3 6 
^c$^. KrejUB«N5^ W^«^f|iJ^ -ft (40) il^ffliJ 
5-^^ (4 2) t3&»6tt4. IS*«7IBi6©«^lg (1 
6) . 

t w#j« i 4 ] me©4>tt < 1 1 — p©jiJs?s^?B 

(70) «B0iBj^S^ffiiJ3 ^ (40) ©-gp^> ( 7 

2) ttjco-cHiJj&sft-c^s. w^i 3iaiE©i^s 

(16). 

m*m i 5 ] matm < 1 6 ) ft#«^. c©jns«is« 

Mf4«g (16 0) £. 4>fr< £ fe— 3©IWeiftffiiP! 
(7 0) £. 4>&< £fe— o©5^T-fe>^y (9 
6) ltliB«IS««l««ii>ft< £fe»lS£*2 

s <fc 5 K wf& $ ti-c *j o . mam 2 s«j^f4ft hu ib s * 
•y-T-b>^ytc«*&-r^ct i 5K«^$nrt,^. **^.^ 

-b*>i>^> (10). 

[HMOS 1 6 ] BuiB^*4^S (160) (i. S ^CC. 

«B4 ftMsa JiS?ia^?i (70) £ «rf b s * r -fe > ^ y 

(9 6) £«C«|ft-riJ:^tc«fiSSnrc»Si!>tt< £fe 

—rxDHmnatm o o> ft^o. i«#^i 5iatg©** 

*£-fc->i>>?> (10). 

[IS*iI 1 7 ] BUiB^'X f>i>^> (10) tt 



(3) 
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mrs2 ii 7s ? - e > x > i> > #5£& x > *J> > tB ^©mj£S(I 
^JiiT-CCPift-r-SBt. *Rf4£fUf2tiiS?iSi£?P9 (7 0) (C 

^ 'j (96) i Hfrie*iis?fl£?i! <t (c^-r £ £ 5 (ttit 

(10). 

[»3jaj| 1 8 ] ffrtSttftS (16) «s 4>& < 10 
t fc— o©fiWE»ggiH (70, 2 0 2) MIB*!* 

y>(io). 

1 9 ] MIB^g (16) B. 5 6«c. 4>fc 
< i4>H-0(D5+-9-T-b>^ , J (3 0 8. 3 1 0) i. 
< t zio©|||!E«ffijH (7 0, 20 2) £ 
BuiBiSS5+-9 _ T-fe>-/';BBUfBM?ia^?|B|©*S^|6] 

(10). 20 

[«*^2 o ] m&®M% (16) b. s hie, mrta 

<jypt£< tt> — 3©5+-tf-T-fe>7*D (9 6)©*S;£ 

*HM^* (4 0) irtm^-f*- (4 2) tfrhwo. 

WRoyptt < <!: «> — :>©}§i£?i§£7ll (70) OIVejttjR 

1 5IBtS<D**^^-t'>x>i» (10). 
[^©ffcffl&s&gn 

[0 0 0 1] 

mmo^m) *«wb— «wtctt«s««{c«io, 30 

£ - bf m? 
[0 00 2] ttWWife^SW5ift©Hba:tC*tUr*Brtr 

^«»#HW»««Jt (EPA) i BRRHJRSm 
< I CAO) ©WlCfiEotUl.. cn<=>©»s£B. £ 
itttfitC:teW£M£&*>e>©g^8rtb^ (NOx) <!:* 
«*&ft** (HC) i-IMblBR (CO) ©HEttl£8i 
3HJTSfc©-C&9. Cft6©#tii«JBttr1j©#{fc£*'* 

» ^mH^odjBcr. b£^©m^£x>^>b. 
^©gfttiawjca^ows. ttfftt&fltum 

[0 00 3 ] -HRK. i>y>*Wfttt2«ttl. 
ft. m>**ilflE«:J:o-c«Sfe-r**>© (NOx) £. 
«M4ffi«SJt.*^±tc-f Sffib'Jkftfllftic «fc o -cl&£ 
tSi©(HCiCO) itC^SSnSo Mi<D^i 

a. c©s#* 50 



l». «T*itf. NOxJWSSW h&. c 
0£HC#«£-i-&fi»*#v H6c0tCiB^»±fttCt> 
te-aT«WF«C«»W6flfe"r*. SiSXtf ? KB. «8»4 
S«©»^**. £T©*tB4t£»#Ri&*-aii* (Tttto 
ft. ^%rt«c^©j^£2S«*^0ttC»"*) ©«f 
Sik«a(C**iC5"C»flfef*. C©«^«<b*B» 

(#«^jsin?B^€»ii^) *». **c»aaw«m 

£. 

[000 4 ] &ifr©#X*-tf>*Kg£&B. iSil^m* 
JStt"iHIJ»H4iBtf* 1 0-3 0ffl©5*1>-*«A-Ct» 
S. Ctie.OS=tt»IS, ^«7— 5©4>'^«:EBSn 
fc#HBf*«Stg*» 6 & 9 . * -7 - BSfeA^'SrfiglH] 

[0005] hwc. 5 +ifrt©*8»ffiatt»«*'r* 
S . * - tr > MMSSWD^flt W ftMSjHMBI4S«Ut » 

ft. *©8M«*8*>e>»tttiT*. «H«tB4©»{fciiB^ 
jW(8ift«r«:.iWC* £ F- A £ . ffi»**iiaf F - A®£ 
MCCjJPx. 6.*i4*f?a©W2t-C»BttiS^iJ*ia^'l« 

[000 6] ®^(ct8£f-3ftfc*fi?B K-AfJSB. J£ 

ffi«c»ittSiBW«: : frr*#Rit«:fcStt«t«'c*o. tor 

iB^»B^ b*«» W iJfctti^NOx U fc 

a«R«ig* a* tttiBft 6 tto* -5 . c nB^Ftc 

lgTS,5. «Ctf«c6. *«f^/^*-tr>©j«EE*J:k 
(OPR) 0:if-{i»imW4*Jlltt«r?lC»"r* * 
*©T. M«Ef5AnSK*3«tJ>*)I** i NOx^4*?r§I 

ropR^iunf-stc^. e«w«caHSF-A«jKs 
[0007] mmzmo—xDim K-Aiss«n 

iHH^ttli (DAC) 4«f«tl*. tttftte*. *ftW* 
^ X>KC 2 o©¥!I#|D|tcSfc^fc>-t»-/c 5 * ^«rfil 
X. Ch6<DS*tB. ^.^©BU^^m^i. 2-0© 
iSt^U>^'©J:^«:S^^* : '6-C*^ <> iIfln?'J©5+1^ 
B. tBP^-5^.-r©ilS©/c8?)©iiS ; S:°rH«:f 
^iiB^tcB. ^ffli]5+it«:^f4«^nc$n. ens. 

iSM©ASP^A 5 rtffl'JS^W:«^3n. CtxB. hb!5 

.t^tcaftttSii*. s F-A-c©«aflEfflM:^ 
UTIHS3n-C^-?>©T. F-Ara©%#BAt^E*^ 



5 

©c cnmm<Di§m k - At-itti.is (sac) * 

N O x t ©StSCD^T?* 4 . 

[0 00 8 ] {fecD&fcQCDt&g-Hi. #« K- Aj^g(D^ 
fflK:cfc«3> Jba©!HJH*aw*'*. 80*©F-AK:fcH 

0 (DC OJfllilHjtgfcffcW 4tt;:b Dtc, 5 *Wm%iS. 
F*3&c. |Sl<frTra*4a*)JiJ*©'Mnu; h£Syj££3E£fv 
«E*f6£T*. 0*>>U (SW^CO/HCfccfcOWtti 
©PjesMfflittc©,* 5 ftKftt?ttH»-r*s. &tffc 
6. «W ££«©»£**«•$- W*W*£a©C 

*Sf4»S»#£ffi«K:fiAr SCi^fi <• fcfctc . A^o 
«*©Sl>ifiifclCift#*fcDa. CCi^^Va^^c 

[0 00 9 ] 

[*W©«S] — ^JSWcfet^-C. #*£-t:>x>y 
>ffl®*8«Hl35*. x>*»(OfiUi*. TOtB^*JJ:0']ii 

^ uijR*j j: v«sf aarf^ffl-r *. ss&a«: 

4>fc< £*> — 305*-ifTH2>^>;£*<i^.r^s. M 
-f a » h Mmsi»2«m«MS7 -fe > ^* 'J fc cfc -> xmm 

nMffl*@mx.m&\j. ^Lx^im^^mmmm^ 
4. 

[ooio] {gtH^s&f . iKMssfi^-f a » h&Hia 

[0 0 1 1 ] 

[$S9i©#a] 01 «#**-hT>x>^> 1 0©tKHS 
x>i?>l 0«(KBEffitt«l 2£*fflBEI8« 
1 4 tjUMRgl 6«rS*. 3 6«C?(JE*-fcr> 1 8 4fi 



(4) WBH 2 0 0 2 - 2 2 1 7 1 

6 

[0012] gai*HKBBEJI& 1 2 fcaiftO* 

or ffisis»* 5 (S)£Eai^ 1 2 6s;eji"*§® 1 4 tct* 

l&Sft. KK«:BEtB3nfcffi«35s«««Sl 6 ft 
4. jttttSl 6*>6©*tift (HltCTfttyTfclO 
t*> 1 8. 2 0*IMW4. 

[ 0 0 1 3 ] i2tti 1 &C^G/cx>iP> 1 oroi^fr 
*f^*-tf>x>i>>ffl©««S3 0©»rpH"C*4. 
— HJfi04tctei,»r, *'x^-t*>x>^>«, 

jWi/^lsi-f- 4 ©-te'*7JU • XUd7 h ij 5, 47 • fjl/z^z. 
10 -f:&iP>7fc®3ftTV4GE F4 1 4x>i»-C&4. 
«NB3 0BWKWB9-r^40i. W*WI5-{t4 2 
£. nffl'J7-r^4 0£rtfflij7-r^4 2£©ra(C}lSE-r^ 
F-Att£APim4 4<t£$A,T'(,>4„ K-Aff*AP 
i§4 4 {JffiMitir * 7 * — tf©»R*Wr 4. 
[0 0 14] j^flB7^^4 0trtWJ-5-f^4 2»«S«S 

3gt£-C&>3. LTJEESitiL Hl«C5*Lfcffl» 

ai 4©ttiD5 o*6T«^nei«:aEtt-r*. 8 

20 l*n.UXmW.X'$>'r)-Zl,X?<{i-4 0. 4 2©¥gfc£r6j 
rt«(CBE«Stiri»*. ?"4 Oi«5»B4r-: 5/ 

>*4 6tt*HmaW5 2*Hte!iU ^•Urrtfflij5w'^4 
2 i^JSH^- i^4 6 BrtffliJilSS 5 4 *BiJ& 
■5. ?ffflij7^^-4 0 tm^-fi-Ar 2 it. 74?*— V 
4 8©Tg£CCieS5n/c4»-e>AD^X^5 8 $-C5£ 

[0 0 15] jme»SM7 0#F-Afl#AI3»4 4© 
r<'TSfeCC*Jti-Cf1-ffliJ-7^^-4 0 0— 2©P*3fSJtC 

©t?. 3giB7 0B«S7 4 4. ±i)SM7 6<i:. «S7 4 
£±iJi£il7 6 £©r H 1(C55i5E^-€>^|g7 8fc"W4Iitl,> 

4. 3'J©f^3liSF!l-c«. »ISi»Sffl7 0 
BJl*ft*3-t4lrT4. 54S7 8»J4fflij7-f ^-4 0 
£««Wr*0. « 0X^117^^-4 0^6^8 0 

*»«18»2gjPiaS7 4 £«S^gnflPJ-7 ATA 0 4©WCC 

^ce 1/ -e o r ?ts 7 4 €r^wj-7 -r ^ 4 0 @^ u r i> 

40 4c HWE«ffiiH©±i«S7 6 £t^S7 4 £^H7 8 

n-en^sst©iiss <H5H*r> i ««»©«□ o^-tf 

•T) S»*«JS}fl^iH7 0«CAn*Ci**-C* 

4. 

[0016] «i«EiaajH±aaa7 6«$/c. «st4qi»s 

7i'>^'J9 0 ^SAn4 «fc 9 8 6 SrWT 

4o lf4fW7-fe>yj9 0«, «B«SS4 8«iafiSO 
rir»4«S«S±«ES9 2©±»T«S«IS*--^>^4 6 

^ilrtffllJ^ ^ 4 2 £«m»ggiW±aES7 6 £©H0C5i 
50 aL*l/-CMP9 4*WT4. *8#6a±ifta9 2t*J«tE 
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[00 17] «S«l»±tta8BBn9 4«5*-y-7-b>^'J 

•j ©hik-m* 9 8 wttmm 4 8 ommm 99t mm 

T« 1 0 0 C©?ffi«±ifcS|S# 1 0 2 4T* 

SP#1 0 4£WT£. 
[0 0 18] S*1f7^>^yJ*e±i£SP#l 0 2«5I 
K^tctgiffJ-T?* y > «#WB*»r-b>^y 9 0£§An 
•BJrSJOE&fctiAiiS&l 0 6«r#TS. 3*-y7-te> 

7 »; j«T8«R» i o 4 «±issp^ 102* 6««s± 

SSSHP 9 4 * "Cif £ tv*UC3+tf7-fe>:/y 

□ 9 4©II1 1 0tt±»«J#iBai 0 6«fc*)/h3lr». 
[0019] 5 +1f7-fe>^»J 9 eteX 1 ?-^ 1 12* 
CCDX7-^«3+1fT-fe>-/U 9 6 FtyCjgWfr 
tOIfi-rS. ^7-7 1 1 2telXAftffliJl 1 4 4ffiPffl'J 
1 1 64£«f £. ^7-7 1 1 2tt5*-9"T-fe >7y 
*W±8&eU*H 0 2<DrtSl 1 8Kp«LTlBB3h. 
XC-vlSAtlffl'Jl 1 4*i5+^7-b>^';mg±a£gP 
#1 0 2(Omm 1 2 0 i SWWKRTOSK: *•&<!: 5 ce& 
r»tC>4. 1 121*. «HSMtf«7-fe>:7y 9 

oz&xnzjz'x.cmibbtitcftWLi 22£w^£ 0 - 
*£. K^HJSWctji^r. X7-71 1 2«^S73[^] 

[0 0 2 0] *»4**HB7-fe>7'y 9 0«. ftJSSi^- 
*»^4 6®MP1 3 0£M-aT*»SS3 0 F*Jte¥S73 

ftF^cjifiE-r*. «s*4*wer-fe>^u 9 o«f-a 
tt*APi&4 4 4 5+-y-7-fe>7y 9 6 4©RgitiEg3 

ti^uxsuu v nKsmmma 1 4 0 &£«&&«»*s 1 

4 2 44£A/Cl»S. £ftf4«S*2§ 1 4 2 D i. h 

*B4«HS 1 4 0©*a#fiJrt2f«C* »)■€■ L-T 5 *1f7 

42 > 7 y 9 6 nccsg s titfe 0 . zMummmzmm 

1 4 2«#©cfc ■$-&*>■&. 14 2© 
SXAtlfJJ 1 4 6 # 5 +"77 > 7 y 9 6 ©±SS(C* 0 ^ 
L-C&m<mi& 1 4 2 ©?£4fggfl 14 8^7-7 1 1 

2 ©¥&77 fart ffliJT' 5 + 7 7 -b > 7 y 9 6 * Kffl L T ft 

i 2 2 «t 9 fora»«c/M %gs i 5 o *mt 5. 

[0 0 2 1 ]^b? F«B$MM4S 1 4 0 «£ft*4*Sl 

i§ i 4 2 ©¥H#ft o * JSJjEjflSgiHiatS 

HP8 6©±SK«:Eg3*rCl»4. #»r*4, a 
» UBSttlMfS 14 0B, ;<-f a hft^oSim 1 4 0 
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©&iiSl 5 4*^P8 6{cfiS-r-5J: j 5CCgSg$nT^ 

So 

[0 02 2 ] ft*4i**SiSg 1 6 0 «5M 30tC 
ZLX'tjUv hj^HSSl 624Mf4[sl8g 
1 6 4i^*. ft&g§3 Ortt?«^r*3il«{bfi3RSF 

mti«rwrs„ 'WD 5 hft^mss i 6 2 ug&Mttt 

S7H2>yy 9 0{C«fcO«S»*l«lB»SiH7 0*C«|& 
U ^ b T £ftf40SS 1 6 4 «ft&«*t!37 -fe > 7 y 9 

o«:j:oft^5+-y7H2>7'y 9 6tc«$&-r-5>„ sis 
10 cfi^ ^^_^>x>^> i o^Kj^n-eoTi^aa 
is^si-csfe$ <t . %mtmm*tm& 3 0 ccet& 

ftf4@8S 1 6 2 An v hftf4«»fi§ 1 4 0 K. J; o t 
r-t2>^y 9 6«cA£. Mffi»SJPEgaaBS«cj:or» 

^u/c~>- ht*;©^*^^?^. msi^ntcmnt^ 

20 «(Cg^ O . * LXffiMW&g. 7 4 . ±8ttt 7 6 $ fctt 
J^H7 8JC?SorJJWIi*Ji5SEr4Ci*l»±-r4. 
[0 02 3] }flE»SJn7 Ortr^b/cft^X 1 8 

4 8 «:A€»^*K?l^»ffl©a^e < jnc.-iiA*5j:i>'S^b© 
iRi**. 5tt7t>7-'J^7-7 1 1 2*iioTft 

ifAi. ft^4 8F f 9©^alvf;U^?S§B#p H T4©Mm. 
[0 024]^B 7 HSR»S7cW**Jffl-rSi. 

40 t>mwmmmr t > 7 y 9 0 4 i jswhss 1 6 4 4 j: 
-d T£ftf4ircftfr4£«*s $ n 5 . 

[0 02 5 ] 5#t7-fe>7''^y-7 1 1 2frhm 
MA 8(CAS^asSl 8 2«. ft^S4 8F*9tCRi*t3n 
«4©JSB£JMe] ly-C2g««8B^ft©3E±jB^* oJtfetc 
fS. ttHgJWftl 8 2tt. 5*-9-7-fe>yy9 8«rS 
tM4 8tcA5i^i^i, Jf!S?ta3gt|SI7 0*M 

r ft^H 3 0 tt . fft©^©ft^S «t y '>^r 1 «4«!W 
50 S7t>?'y 9 0*ffll>T»M4C 3 6 
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0£mcfc>fcoTiSj3?K:#*iT;*-t±£©T\ m 

mm 4 8rt©A&rae#<£Tu g£o-c, $.&8 301*1 
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1. Title of Invention 

METHODS AND APPARATUS FOR DECREASING 
COMBUSTOR EMISSIONS WITH SWIRL 
STABILIZED MIXER 

2. Claims 

L A method for reducing an amount of emissions from a gas turbine 
engine (10) using a combustor (16) including at least one trapped vortex (70) and at 
least one mixer assembly (96), said method comprising the steps of: 

injecting fuel into the combustor using a fuel system (160) that 
includes at least two fuel stages; and 

directing airflow into the combustor such that a portion of the airflow 
is supplied to the mixer assembly and a portion of the airflow is supplied to the 
trapped vortex. 

2. A method in accordance with Claim 1 wherein the fuel system 
(160) includes a pilot fuel stage (160), a main fuel stage (162), and a fuel injector (90) 
in flow communication with the pilot ftiel stage and the main fuel stage, the pilot fuel 
stage radially inward from the main fuel stage, said step of injecting fuel further 
comprising the step of injecting fuel into the combustor (16) using only the pilot fuel 
stage. 
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3. A method in accordance with Claim 1 wherein the two fuel stages 
include a pilot fuel stage (160), a main fuel stage (162), and a fuel injector (90) in 
flow communication with the pilot fuel stage and the main fuel stage, the pilot fuel 
stage radially inward from the main fuel stage, said step of injecting fuel further 
comprising the step of injecting fuel into the combustor (16) using the pilot fuel stage 
and the main fuel stage. 

4. A method in accordance with Claim 1 wherein the combustor (16) 
includes at least two trapped vortex cavities (70, 202), said step of injecting fuel 
further comprising the steps of: 

injecting fuel into only the two trapped vortex cavities during engine 
idle power operating conditions; and 
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injecting fuel into the mixer assembly (96) and the two trapped vortex 
cavities during engine (10) increased power operating conditions. 

5. A method in accordance with Claim 1 wherein the combustor (16) 
includes at least two trapped vortex cavities (70, 202) and at least two mixer 
assemblies (308, 310), the two trapped vortex cavities radially outward from the two 
mixer assemblies, said step of injecting fuel ftirther comprising the step of injecting 
fuel into the two trapped vortex cavities during engine (10) idle power operations. 

6. A method in accordance with Claim 5 wherein said step of injecting 
fuel into the combustor (16) further comprising the step of injecting fuel into the two 
mixer assemblies (308, 3 10) and the two trapped vortex cavities (70, 202). 

7. A combustor (16) for a gas turbine (10) comprising: 

a fuel system (160) comprising at least two fiiel stages; 

at least one trapped vortex cavity (70), a first of said two fuel stages 
configured to supply fuel to said trapped vortex cavity; and 

at least one mixer assembly (96) radially inward from said trapped 
vortex cavity, a second of said two fuel stages configured to supply fuel to said mixer 
assembly. 

8. A combustor (16) in accordance with Claim 7 further comprising at 
least one fuel injector (90) in flow communication with said fiiel system (160), said 
fuel injector configured to supply fuel to said trapped vortex cavity (70) and said 
mixer assembly (96). 

9. A combustor (16) in accordance with Claim 7 wherein the gas 
turbine engine (10) has a rated power, said fuel system (160) further configured to 
supply fuel only to said trapped vortex cavity (70) when the gas turbine engine 
operates below a predefined percentage of rated power engine power. 
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10. A combustor (16) in accordance with Claim 9 wherein said fuel 
system (160) further configured to supply fuel to said mixer assembly (96) and said 
trapped vortex (70) when the gas turbine engine (10) operates above a predefined 
percentage of rated engine power. 

11. A combustor (16) in accordance with Claim 7 further comprising 
at least two trapped vortex cavities (70, 202), a first of said two fuel stages configured 
to supply fuel to said two trapped vortex cavities. 

12. A combustor (16) in accordance with Claim 7 further comprising 
at least two mixer assemblies (308, 3 10) and at Least two trapped vortex cavities (70, 
202), said two mixer assemblies radially inward from said two vortex cavities. 

13. A combustor (16) in accordance with Claim 7 further comprising a 
combustor liner radially outward from said at least one mixer assembly (96), said 
combustor liner comprising an outer liner (40) and an inner liner (42). 

14. A combustor (16) in accordance with Claim 13 wherein said at 
least one trapped vortex (70) defined by a portion (72) of said combustor outer liner 
(40). 

15. A gas turbine engine (10) comprising a combustor (16) comprising 
a fuel system (160), at least one trapped vortex cavity (70), and at least one mixer 
assembly (96), said fuel system comprising at least a first stage and a second stage, 
said first stage configured to supply fuel to said trapped vortex cavity, said second 
stage configured to supply fuel to said mixer assembly. 

16. A gas turbine engine (10) in accordance with Claim 15 wherein 
said fuel system (160) further comprises at least one fuel injector (90) configured to 
supply fuel to said trapped vortex cavity (70) and said mixer assembly (96). 

17. A gas turbine engine (10) in accordance with Claim 15 wherein 
said gas turbine engine includes a rated power, said fuel system (160) further 
configured to supply fuel only to said trapped Yortex cavity (70) when said gas 
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turbine engine operates below a predefined percentage of rated engine power, said 
fuel system further configured to supply fuel to said mixer assembly (96) and said 
trapped vortex cavity when said gas turbine engine operates above a predefined 
percentage of rated engine power. 

18. A gas turbine engine (10) in accordance with Claim 15 wherein 
said combustor (16) further comprises at least two trapped vortex cavities (70, 202), 
said fuel system first stage configured to supply to said two trapped vortex cavities. 

19. A gas turbine engine (10) in accordance with Claim 15 wherein 
said combustor (16) further comprises at least two mixer assemblies (308, 310) and at 
least two trapped vortex cavities (70, 202), said two mixer assemblies radially inward 
from said two vortex cavities. 

20. A gas turbine engine (10) in accordance with Claim 15 wherein 
said combustor (16) further comprises a combustor liner radially outward from said at 
least one mixer assembly (96), said combustor liner comprising an outer liner (40) 
and an inner liner (42), said at least one trapped vortex (70) defined by a portion of 
said combustor outer liner. 
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3. Detailed Description of Invention 

BACKGROUND OF THE INVENTION 

This application relates generally to combustors and, more particularly, 
to gas turbine combustors. 

Air pollution concerns worldwide have led to stricter emissions 
standards both domestically and internationally. Aircraft are governed by both 
Environmental Protection Agency (EPA) and International Civil Aviation 
Organization (ICAO) standards. These standards regulate the emission of oxides of 
nitrogen (NOx) 7 unburned hydrocarbons (HC), and carbon monoxide (CO) from 
aircraft in the vicinity of airports, where they contribute to urban photochemical smog 
problems. Most aircraft engines are able to meet current emission standards using 
combustor technologies and theories proven over the past 50 years of engine 
development. However, with the advent of greater environmental concern 
worldwide, there is no guarantee that future emissions standards will be within the 
capability of current combustor technologies. 

In general, engine emissions fall into two classes: those formed 
because of high flame temperatures (NOx), and those formed because of low flame 
temperatures which do not allow the fuel-air reaction to proceed to completion (HC & 
CO). A small window exists where both pollutants are minimized. For this window 
to be effective, however, the reactants must be well mixed, so that burning occurs 
evenly across the mixture without hot spots, where NOx is produced, or cold spots, 
when CO and HC are produced. Hot spots are produced where the mixture of fuel 
and air is near a specific ratio when all fuel and air react (i.e. no unburned fuel or air 
is present in the products). This mixture is called stoichiometric. Cold spots can 
occur if either excess air is present (called lean combustion), or if excess fuel is 
present (called rich combustion). 
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Modern gas turbine combustors consist of between 10 and 30 mixers, 
which mix high velocity air with a fine fuel spray. These mixers usually consist of a 
single fuel injector located at a center of a swirler for swirling the incoming air to 
enhance flame stabilization and mixing. Both the fuel injector and mixer are located 
on a combustor dome. 

In general, the fuel to air ratio in the mixer is rich. Since the overall 
combustor fuel-air ratio of gas turbine combustors is lean, additional air is added 
through discrete dilution holes prior to exiting the combustor. Poor mixing and hot 
spots can occur both at the dome, where the injected fuel must vaporize and mix prior 
to burning, and in the vicinity of the dilution holes, where air is added to the rich 
dome mixture. 

Properly designed, rich dome combustors are very stable devices with 
wide flammability limits and can produce low HC and CO emissions, and acceptable 
NOx emissions. However, a fundamental limitation on rich dome combustors exists, 
since the rich dome mixture must pass through stoichiometric or maximum NOx 
producing regions prior to exiting the combustor. This is particularly important 
because as the operating pressure ratio (OPR) of modern gas turbines increases for 
improved cycle efficiencies and compactness, combustor inlet temperatures and 
pressures increase the rate of NOx production dramatically. As emission standards 
become more stringent and OPR's increase, it appears unlikely that traditional rich 
dome combustors will be able to meet the challenge. 

One state-of-the-art lean dome combustor is referred to as a dual 
annular combustor (DAC) because it includes two radially stacked mixers on each 
fuel nozzle which appear as two annular rings when viewed from the front of a 
combustor. The additional row of mixers allows tuning for operation at different 
conditions. At idle, the outer mixer is fueled, which is designed to operate efficiently 
at idle conditions. At higher powers, both mixers are fueled with the majority of fuel 
and air supplied to the inner annulus, which is designed to operate most efficiently 
and with few emissions at higher powers. While the mixers have been tuned for 
optimal operation with each dome, the boundary between the domes quenches the CO 
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reaction over a large region, which makes the CO of these designs higher than similar 
rich dome single annular combustors (SACs). Such a combustor is a compromise 
between low power emissions and high power NOx. 

Other known designs alleviate the problems discussed above with the 
use of a lean dome combustor. Instead of separating the pilot and main stages in 
separate domes and creating a significant CO quench zone at the interface, the mixer 
incorporates concentric, but distinct pilot and main air streams within the device. 
However, the simultaneous control of low power CO/HC and smoke emission is 
difficult with such designs because increasing the fuel/air mixing often results in high 
CO/HC emissions. The swirling main air naturally tends to entrain the pilot flame 
and quench it To prevent the fuel spray from getting entrained into the main air, the 
pilot establishes a narrow angle spray. This results in a long jet flames characteristic 
of a low swirl number flow. Such pilot flames produce high smoke, carbon 
monoxide, and hydrocarbon emissions and have poor stability. 

BRIEF SUMMARY OF THE INVENTION 

In an exemplary embodiment, a combustor for a gas turbine engine 
operates with high combustion efficiency and low carbon monoxide, nitrous oxide, 
and smoke emissions during low, intermediate, and high engine power operations. 
The combustor includes a fuel delivery system that includes at least two fuel stages, at 
least one trapped vortex cavity, and at least one mixer assembly radially inward from 
the trapped vortex cavity. The two fuel stages include a pilot fuel circuit that supplies 
fuel to the trapped vortex cavity through a fuel injector assembly and a main fuel 
circuit that also supplies fuel to the mixer assembly with the fuel injector assembly. 

During low power operation, the combustor operates using only the 
pilot fuel circuit and fuel is supplied to the trapped vortex cavity. Combustion gases 
generated within the trapped vortex cavity swirl and stabilize the mixture prior to the 
mixture entering a combustion chamber. Because the mixture is stabilized during low 
power operation, combustor operating efficiency is maintained and emissions are* 
controlled. During increased power operation, the combustor operates using the main 
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fuel circuit and fuel is supplied to the trapped vortex cavity and the mixer assembly. 
The mixer assembly disperses fuel evenly throughout the combustor to increase the 
mixing of fuel and air, thus reducing flame temperatures within the combustion 
chamber. As a result, a combustor is provided which operates with a high combustion 
efficiency while controlling and maintaining low carbon monoxide, nitrous oxide, and 
smoke emissions during engine low, intermediate, and high power operations. 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 is a schematic illustration of a gas turbine engine 10 including 
a low pressure compressor 12, a high pressure compressor 14, and a combustor 16. 
Engine 10 also includes a high pressure turbine 1 8 and a low pressure turbine 20. 

In operation, air flows through low pressure compressor 12 and 
compressed air is supplied from low pressure compressor 12 to high pressure 
compressor 14. The highly compressed air is delivered to combustor 16. Airflow 
(not shown in Figure 1) from combustor 16 drives turbines 18 and 20. 

Figure 2 is a cross-sectional view of a combustor 30 for use with a gas 
turbine engine, similar to engine 10 shown in Figure 1. In one embodiment, the gas 
turbine engine is a GE F414 engine available from General Electric Company, 
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Cincinnati, Ohio. Combustor 30 includes an annular outer liner 40, an annular inner 
liner 42, and a domed inlet end 44 extending between outer and inner liners 40 and 
42, respectively. Domed inlet end 44 has a shape of a low area ratio diffuser. 

Outer liner 40 and inner liner 42 are spaced radially inward from a 
combustor casing 46 and define a combustion chamber 48. Combustor casing 46 is 
generally annular and extends downstream from an exit 50 of a compressor, such as 
compressor 14 shown in Figure 1. Combustion chamber 48 is generally annular in 
shape and is disposed radially inward from liners 40 and 42. Outer liner 40 and 
combustor casing 46 define an outer passageway 52 and inner liner 42 and combustor 
casing 46 define an inner passageway 54. Outer and inner liners 40 and 42, 
respectively, extend to a turbine inlet nozzle 58 disposed downstream from diffuser 
48. 

A trapped vortex cavity 70 is incorporated into a portion 72 of outer 
liner 40 immediately downstream of dome inlet end 44. Trapped vortex cavity 70 has 
a rectangular cross-sectional profile and because trapped vortex cavity 70 opens into 
combustion chamber 48, cavity 70 only includes an aft wall 74, an upstream wall 76, 
and an outer wall 78 extending between aft wall 74 and upstream wall 76, In an 
alternative embodiment, trapped vortex cavity 70 has a non-rectangular cross- 
sectional profile. In a further alternative embodiment, trapped vortex cavity 70 
includes rounded corners. Outer wall 78 is substantially parallel to outer liner 40 and 
is radially outward a distance 80 from outer liner 40. A corner bracket 82 extends 
between trapped vortex cavity aft wall 74 and combustor outer liner 40 and secures 
aft wall 74 to outer liner 40. Trapped vortex cavity upstream wall 76, aft wall 74, and 
outer wall 78 each include a plurality of passages (not shown) and openings (not 
shown) to permit air to enter trapped vortex cavity 70. 

Trapped vortex cavity upstream wall 76 also includes an opening 86 
sized to receive a fuel injector assembly 90. Fuel injector assembly 90 extends 
radially inward through combustor casing 46 upstream from a combustion chamber 
upstream wall 92 defining combustion chamber 48. Combustion chamber upstream 
wall 92 extends between combustor inner liner 42 and trapped vortex cavity upstream 
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wall 76 and includes an opening 94. Combustion chamber upstream wall 92 is 
substantially co-planar with trapped vortex cavity upstream wall 76, and substantially 
perpendicular to combustor inner liner 42. 

Combustor upstream wall opening 94 is sized to receive a mixer 
assembly 96. Mixer assembly 96 is attached to combustion chamber upstream wall 
92 such that a mixer assembly axis of symmetry 98 is substantially co-axial with an 
axis of symmetry 99 for combustion chamber 48. Mixer assembly 96 is generally 
cylindrical-shaped with an annular cross-sectional profile (not shown) and includes an 
outer wall 100 that includes an upstream portion 102 and a downstream portion 104. 

Mixer assembly outer wall upstream portion 102 is substantially 
cylindrical and has a diameter 106 sized to receive fuel injector assembly 90. Mixer 
assembly outer wall downstream portion 104 extends from upstream portion 102 to 
combustor upstream wall opening 94 and converges towards mixer assembly axis of 
symmetry 98. Accordingly, a diameter 1 10 of upstream wall opening 94 is less than 
upstream portion diameter 106. 

Mixer assembly 96 also includes a swirler 1 1 2 extending 
circumferentially within mixer assembly 96. Swirler 1 12 includes an intake side 1 14 
and an outlet side 116. Swirler 112 is positioned adjacent an inner surface 118 of 
mixer assembly outer wall upstream portion 102 such that swirler intake side 114 is 
substantially co-planar with a leading edge 120 of mixer assembly outer wall 
upstream portion 102. Swirler 112 has an inner diameter 122 sized to receive fuel 
injector assembly 90. In one embodiment, swirlers 1 12 are single axial swirlers. In 
an alternative embodiment, swirlers 1 12 are radial swirlers 

Fuel injector assembly 90 extends radially inward into combustor 16 
through an opening 130 in combustor casing 46. Fuel injector assembly 90 is 
positioned between domed inlet end 44 and mixer assembly 96 and includes a pilot 
fuel injector 140 and a main fuel injector 142. Main fuel injector 142 is radially 
inward from pilot fuel injector 140 and is positioned within mixer assembly 96 such 
that a main fuel injector axis of symmetry 144 is substantially co-axial with mixer 
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assembly axis of symmetry 98. Specifically, main fuel injector 142 is positioned such 
that an intake side 146 of main fuel injector 142 is upstream from mixer assembly 96 
and a trailing end 148 of main fiiel injector 142 extends through mixer assembly 96 
radially inward from swirler 1 12 and towards combustor upstream wall opening 94. 
Accordingly, main fuel injector 142 has a diameter 150 that is slightly less than 
swirler inner diameter 1 22. 

Pilot fuel injector 140 is radially outward from main fuel injector 142 
and is positioned upstream from trapped vortex cavity upstream wall opening 86. 
Specifically, pilot fuel injector 140 is positioned such that a trailing end 154 of pilot 
fuel injector 140 is in close proximity to opening 86. 

A fuel delivery system 160 supplies fuel to combustor 30 and includes 
a pilot fuel circuit 162 and a main fuel circuit 164 to control nitrous oxide emissions 
generated within combustor 30. Pilot fuel circuit 162 supplies fuel to trapped vortex 
cavity 70 through fuel injector assembly 90 and main fuel circuit 164 supplies fuel to 
mixer assembly 96 through fuel injector assembly 90. During operation, as gas 
turbine engine 10 is started and operated at idle operating conditions, fuel and air are 
supplied to combustor 30. During gas turbine idle operating conditions, combustor 30 
uses only the pilot fuel stage for operating. Pilot fiiel circuit 162 injects fuel to 
combustor trapped vortex cavity 70 through pilot fuel injector 140. Simultaneously, 
airflow enters trapped vortex cavity 70 through aft, upstream, and outer wall air 
passages and enters mixer assembly 96 through swirlers 112. The trapped vortex 
cavity air passages form a collective sheet of air that mixes rapidly with the fuel 
injected and prevents the fuel from forming a boundary layer along aft wall 74, 
upstream wall 76, or outer wall 78. 

Combustion gases 180 generated within trapped vortex cavity 70 swirl 
in a counter-clockwise motion and provide a continuous ignition and stabilization 
source for the fuel/air mixture entering combustion chamber 48. Airflow 182 
entering combustion chamber 48 through mixer assembly swirler 1 12 increases a rate 
of fuel/air mixing to enable substantially near-stoichiometric flame-zones (not shown) 
to propagate with short residence times within combustion chamber 48. As a result of 
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enhanced mixing and the short bulk residence times within combustion chamber 48, 
nitrous oxide emissions generated within combustion chamber 48 are reduced. 

Utilizing only the pilot fuel stage permits combustor 30 to maintain 
low power operating efficiency and to control and minimize emissions exiting 
combustor 30 during engine low power operations. The pilot flame is a spray 
diffusion flame fueled entirely from gas turbine start conditions. As gas turbine 
engine 10 is accelerated from idle operating conditions to increased power operating 
conditions, additional fuel and air are directed into combustor 30. In addition to the 
pilot fuel stage, during increased power operating conditions, mixer assembly 96 is 
supplied fuel with the main fuel stage through fuel injector assembly 90 and main fuel 
circuit 164. 

Airflow 182 entering combustion chamber 48 from mixer assembly 
swirler 1 12 swirls around fuel injected into combustion chamber 48 to permit fuel/air 
mixture to thoroughly mix. Swirling airflow 182 increases a rate of fuel/air mixing of 
fuel and air entering combustion chamber 48 through mixer assembly 96 and fuel and 
air entering combustion chamber 48 through trapped vortex cavity 70. As a result of 
the increased fuel/air mixing rates, combustion is improved and combustor 30 may be 
operated using fewer fuel injector assemblies 90 in comparison to other known 
combustors. Furthermore, because the combustion is improved and mixer assembly 
96 distributes the fuel evenly throughout combustor 16, flame temperatures within 
combustion chamber 48 are reduced, thus reducing an amount of nitrous oxide 
produced within combustor 30. A trapped vortex cavity flame also acts to ignite and 
stabilize a mixer flame. Thus, mixer assembly 96 is operable at lean fuel/air ratios. 
As a result, flame temperatures and nitrous oxide generation within mixer assembly 
96 are reduced and mixer assembly 96 may be fueled as a lean fuel/air ratio device. 

Figure 3 is a cross-sectional view of an alternative embodiment of a 
combustor 200 that may be used with a gas turbine engine, such as engine 10 shown 
in Figure 1. Combustor 200 is substantially similar to combustor 30 shown in Figure 
2 and components in combustor 200 that are identical to components of combustor 30 
are identified in Figure 3 using the same reference numerals used in Figure 2. 
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Accordingly, combustor 30 includes liners 40 and 42, domed inlet end 44, trapped 
vortex cavity 70, and mixer assembly 96. Combustor 200 also includes a second 
trapped vortex cavity 202, a fuel injector assembly 204, and a fuel delivery system 
206. 

Trapped vortex cavity 202 is incorporated into a portion of inner liner 
42 immediately downstream of dome inlet end 44. Trapped vortex cavity 202 is 
substantially similar to trapped vortex cavity 70 and has a rectangular cross-sectional 
profile. In an alternative embodiment, trapped vortex cavity 202 has a non- 
rectangular cross-sectional profile. In a further alternative embodiment, trapped 
vortex cavity 202 includes rounded corners. Because trapped vortex cavity 202 opens 
into combustion chamber 48, cavity 202 only includes an aft wall 212, an upstream 
wall 214, and an outer wall 216 extending between aft wall 212 and upstream wall 
214. Outer wall 216 is substantially parallel to inner liner 42 and is radially outward a 
distance 220 from inner liner 42. A corner bracket 222 extends between trapped 
vortex cavity aft wall 212 and combustor outer liner 214 and secures aft wall 212 to 
outer liner 40. Trapped vortex cavity upstream wall 214, aft wall 212, and outer wall 
216 each include a plurality of passages (not shown) and openings (not shown) to 
permit air to enter trapped vortex cavity 202. 

Trapped vortex cavity upstream wall 214 also includes an opening 224 
sized to receive fuel injector assembly 204. Fuel injector assembly 204 is 
substantially similar to fuel injector assembly 90 (shown in Figure 2) and includes 
pilot fuel injector 140 and main fuel injector 142. Fuel injector assembly 204 also 
includes a second pilot fuel injector 230 radially inward from main fuel injector 142. 
Second pilot fuel injector 230 is substantially similar to first pilot fuel injector 140 
and is positioned upstream from trapped vortex cavity upstream wall opening 224. 
Specifically, second pilot fuel injector 230 is positioned such that intake side 152 of 
second pilot fuel injector 230 is upstream from mixer assembly 96 and trailing end 
154 of second pilot fuel injector 230 is in close proximity to opening 224. 

Fuel delivery system 206 supplies fuel to combustor 200 and includes 
a pilot fuel circuit 240 and a main fuel circuit 242. Pilot fuel circuit 240 supplies fuel 
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to trapped vortex cavities 70 and 202 through fuel injector assembly 204 and main 
fuel circuit 242 supplies fuel to mixer assembly 96 through fuel injector assembly 
204. Fuel delivery system 206 also includes a pilot fuel stage and a main fuel stage 
used to control nitrous oxide emissions generated within combustor 200. 

During operation, as gas turbine engine 10 is started and operated at 
idle operating conditions, fuel and air are supplied to combustor 200. During gas 
turbine idle operating conditions, combustor 200 uses only the pilot fuel stage for 
operating. Pilot fuel circuit 240 injects fuel to combustor trapped vortex cavities 70 
and 202 through pilot fuel injectors 140 and 230, respectively. Simultaneously, 
airflow enters trapped vortex cavities 70 and 202 through aft, upstream, and outer 
wall air passages and enters mixer assembly 96 through swirlers 112. The trapped 
vortex cavity air passages form a collective sheet of air that mixes rapidly with the 
fuel injected and prevents the fuel from forming a boundary layer within trapped 
vortex cavities 70 and 202. 

Combustion gases 180 generated within trapped vortex cavities 70 and 
202 swirl in a counter-clockwise motion and provide a continuous ignition and 
stabilization source for the fiiel/air mixture entering combustion chamber 48. Airflow 
182 entering combustion chamber 48 through mixer assembly swirler 1 12 increases a 
rate of fuel/air mixing to enable substantially near-stoichiometric flame-zones (not 
shown) to propagate with short residence times within combustion chamber 48. As a 
result of enhanced mixing and the short bulkresidence times within combustion 
chamber 48, nitrous oxide emissions generated within combustion chamber 48 are 
reduced. 

Utilizing only the pilot fuel stage permits combustor 200 to maintain 
low power operating efficiency and to control and minimize emissions exiting 
combustor 200 during engine low power operations. The pilot flame is a spray 
diffusion flame fueled entirely from gas turbine start conditions. As gas turbine 
engine 10 is accelerated from idle operating conditions to increased power operating 
conditions, additional fuel and air are directed into combustor 16, In addition to the 
pilot fuel stage, during increased power operating conditions, mixer assembly 96 is 
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supplied fuel with the main fuel stage through fuel injector assembly 204 and main 
fuel circuit 242. 

Airflow 182 entering combustion chamber 48 from mixer assembly 
swirler 1 12 swirls around fuel injected into combustion chamber 48 to permit fuel/air 
mixture to thoroughly mix. Swirling airflow 182 increases a rate of fuel/air mixing of 
fuel and air entering combustion chamber 48 through mixer assembly 96 and fuel and 
air entering combustion chamber 48 through trapped vortex cavities 70 and 202. As a 
result of the increased fuel/air mixing rates, combustion is improved and combustor 
200 may be operated using fewer fuel injector assemblies 204 in comparison to other 
known combustors. Furthermore, because the combustion is improved and mixer 
assembly 96 distributes the fuel evenly throughout combustor 200, flame 
temperatures within combustion chamber 48 are reduced, thus reducing an amount of 
nitrous oxide produced within combustor 200. A trapped vortex cavity flame also acts 
to ignite and stabilize a mixer flame. Thus, mixer assembly 96 is operable at lean 
fuel/air ratios. As a result, flame temperatures and nitrous oxide generation within 
mixer assembly 96 are reduced and mixer assembly 96 may be fueled as a lean 
fuel/air ratio device. 

Figure 4 is a cross-sectional view of an alternative embodiment of a 
combustor 300 that may be used with a gas turbine engine, such as engine 10 shown 
in Figure 1. Combustor 300 is substantially similar to combustor 200 shown in 
Figure 3 and components in combustor 300 that are identical to components of 
combustor 200 are identified in Figure 4 using the same reference numerals used in 
Figure 3. Accordingly, combustor 300 includes liners 40 and 42, domed inlet end 44, 
and trapped vortex cavity 70. Combustor 300 also includes second trapped vortex 
cavity 202, a fuel injector assembly 304, a fuel delivery system 306, a first mixer 
assembly 308, and a second mixer assembly 310. 

Combustor upstream wall opening 94 is sized to receive mixer 
assemblies 308 and 310. Mixer assemblies 308 and 310 are substantially similar to 
mixer assembly 96 (shown in Figures 2 and 3) and each include a leading edge 320, a 
trailing edge 322, and an axis of symmetry 324. Mixer assemblies 308 and 310 are 
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positioned such that leading edges 320 are substantially co-planar and such that 
trailing edges 322 are also substantially co-planar. Additionally, mixer assemblies 
308 and 310 are attached to combustion chamber upstream wall 92 such that mixer 
assemblies 308 and 310 arc symmetrical about combustion chamber axis of symmetry 
99. 

Each mixer assembly 308 and 310 also includes a swirler 330 and a 
venturi 332. Swirlers 330 are substantially similar to swirlers 112 (shown in Figures 
2 and 3) and have an inner diameter 334 sized to receive ftiel injector assembly 304. 
Swirlers 330 are positioned adjacent mixer assembly Venturis 332. In one 
embodiment, swirlers 330 are single axial swirlers. In an alternative embodiment, 
swirlers 330 are radial swirlers. Swirlers 330 cause air flowing through mixer 
assemblies 308 and 310 to swirl to cause fuel and air to mix thoroughly prior to 
entering combustion chamber 48. In one embodiment, swirlers 330 induce airflow to 
swirl in a counter-clockwise direction. In another embodiment, swirlers 330 induce 
airflow to swirl in a clockwise direction. In yet another embodiment, swirlers 330 
induce airflow to swirl in counter-clockwise and clockwise directions. 

Venturis 332 are annular and are radially outward from swirlers 330. 
Venturis 332 include a planar section 340, a converging section 342, and a diverging 
section 344. Planar section 340 is radially outward from and adjacent swirlers 330. 
Converging section 342 extends radially inward from planar section 340 to a venturi 
apex 346. Diverging section 344 extends radially outward from venturi apex 346 to a 
trailing edge 350 of venturi 332. In an alternative embodiment, venturi 332 only 
includes converging section 342 and does not include diverging section 344. 

Fuel injector assembly 304 is substantially similar to fuel injector 
assembly 204 (shown in Figure 3) and includes pilot fuel injector 140, main fuel 
injector 142, and second pilot fuel injector 230. Fuel injector assembly 304 also 
includes a second main fuel injector 360 radially inward from main fuel injector 142 
between main fuel injector 142 and second pilot fuel injector 230. 
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Second main fuel injector 360 is identical to first main fuel injector 
142 and is positioned upstream from combustor upstream wall opening 94 such that 
second main fuel injector 360 is substantially co-axial with mixer assembly axis of 
symmetry 324. Specifically, second main fuel injector 360 is positioned such that 
intake side 147 of second main fuel injector 360 is upstream from mixer assembly 
310 and trailing end 148 of second main fuel injector 360 extends through mixer 
assembly 310 radially inward from swirler 330 and towards combustor upstream wall 
opening 94. 

First main fuel injector 142 is positioned upstream from combustor 
upstream wall opening 94 such that first main fuel injector 142 is substantially co- 
axial with mixer assembly axis of symmetry 324. Specifically, first main fuel injector 
142 is positioned such that intake side 146 of first main fuel injector 142 is upstream 
from mixer assembly 308 and trailing end 148 of first main fuel injector 142 extends 
through mixer assembly 308 radially inward from swirler 330 and towards combustor 
upstream wall opening 94. 

Fuel delivery system 306 supplies fuel to combustor 300 and includes 
a pilot fuel circuit 370 and a main fuel circuit 372. Pilot fuel circuit 370 supplies fuel 
to trapped vortex cavities 70 and 202 through fuel injector assembly 304 and main 
fuel circuit 372 supplies fuel to mixer assemblies 308 and 310 through fuel injector 
assembly 304. Fuel delivery system 306 also includes a pilot fuel stage and a main 
fuel stage used to control nitrous oxide emissions generated within combustor 300. 

The above-described combustor is cost-effective and highly reliable. 
The combustor includes at least one mixer assembly, at least one trapped vortex 
cavity, and a fuel delivery system that includes at least two fuel circuits. During idle 
power operating conditions, the combustor operates only with one fuel circuit that 
supplies fuel to the trapped vortex cavity. The pilot fuel stage permits the combustor 
to maintain low power operating efficiency while minimizing emissions. During 
increased power operating conditions, the combustor uses both fuel circuits and fuel 
is dispersed evenly throughout the combustor. As a result, flame temperatures are 
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reduced and combustion is improved. Thus, the combustor with a high combustion 
efficiency and with low carbon monoxide, nitrous oxide, and smoke emissions. 

While the invention has been described in terms of various specific 
embodiments, those skilled in the art will recognize that the invention can be 
practiced with modification within the spirit and scope of the claims. 

4. Brief Description of Drawings 

Figure 1 is schematic illustration of a gas turbine engine including a 

combustor, 

Figure 2 is a cross-sectional view of a combustor used with the gas 
turbine engine shown in Figure 1 ; 

Figure 3 is a cross-sectional view of an alternative embodiment of the 
combustor shown in Figure 2; and 



Figure 4 is a cross-sectional view of a second alternative embodiment 
of the combustor shown in Figure 2. 
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FIG. 3 
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1. Abstract 

A combustor (16) for a gas turbine engine (10) operates with high 
combustion efficiency, and low carbon monoxide and nitrous oxide emissions during 
low, intermediate, and high engine power operations. The combustor includes a fuel 
delivery system (160) that includes at least two fuel stages, at least one trapped vortex 
cavity (70), and at least one mixer assembly (96) radially inward from the trapped 
vortex cavity. The two fuel stages include a pilot fuel circuit (162) that supplies fuel 
to the trapped vortex cavity through a fuel injector assembly (90) and a main fuel 
circuit (164) that also supplies fuel to the mixer assembly with the fuel injector 
assembly. 

2. Representative Drawing: Figure 2 



